flux magnification to be estimated directly, independent of any model related to the lensing galaxy (2, 3) . This removes important degeneracies in gravitational lensing measurements, the mass-sheet degeneracy (4) and the source-plane degeneracy (5) .
A lensed SN Ia at redshift z = 1.388 with a large amplification (µ ∼ 30) , PS1-10afx, where multiple images could have been expected, has been reported earlier (6) . A foreground lens was later identified at z = 1.117 (7) . However, at the time of the discovery several interpretations were discussed, including a super-luminous supernova (8) . Since the lensed SN Ia hypothesis was only accepted long after the explosion had faded, no high spatial resolution imaging could be carried out in that case to verify the strong lensing nature of the system. Multiple-images of another supernova, SN Refsdal (9) , were discovered in a Hubble Space Telescope (HST) survey of the massive galaxy cluster MACS J1149.6+2223. As the source was identified as a core-collapse supernova it could not be used to measure the lensing magnification directly.
Thanks to the well-known characteristics of their time-dependent brightness in optical and near-infrared filters (the SN lightcurves), multiply-imaged SNe Ia are also ideally suited to measure time-delays in the arrival of the images. This provides a direct probe of the Hubble constant, the cosmological parameter measuring the expansion rate of the universe (10), as well as leverage for studies of dark energy (11, 12) , the cosmic constituent responsible for the accelerated expansion of the universe.
The intermediate Palomar Transient Factory (iPTF) searches the sky for new transient phenomena at optical wavelengths. It uses image differencing between repeated observations (13) with a large field-of-view camera (7.3 sq.deg) at the 48-inch telescope (P48) at the Palomar Observatory (14) . The first detection of iPTF16geu, with a statistical significance of five standard deviations (5σ), is from 2016 September 5. The new source was first recognized by a human scanner on September 11 (15) . iPTF16geu (also known as SN 2016geu) was found near the center of the galaxy SDSS J210415.89-062024.7, at right ascension 21 h 4 m 15.86 s and declination
−6
• 20 24.5 (J2000).
Spectroscopic identification was carried out with the Spectral Energy Distribution (SED)
Machine (16) at the Palomar 60-inch telescope (P60) on 2016 October 2 and iPTF16geu was found to be spectroscopically consistent with a normal SN Ia at z ≈ 0.4 (see Fig. 1 ). Further spectroscopic observations from the Palomar 200-inch telescope (P200) and the 2.5-meter
Nordic Optical Telescope (NOT) were used to confirm the SN Ia identification and to establish the redshift of the host galaxy from narrow sodium (Na I D) absorption lines, as z = 0.409.
The P200 and NOT spectra also show absorption features from the foreground lensing galaxy at z = 0.216. To estimate the velocity dispersion of the lensing galaxy, we fit two Gaussian functions with a common width to the Hα and [N II] emission lines in the P200 spectrum in Fig 1D .
After taking the instrumental resolution into account, we measure σ = 3.6 Photometric observations of iPTF16geu collected at P48 and with the SED Machine Rainbow Camera (RC) at P60, between 2016 September 5 and October 13 (see Fig. 2 ), were used to estimate the peak flux and lightcurve properties of the SN with the SALT2 lightcurve fitting tool (17) . The best fit lightcurve template, also shown in Fig. 2 , confirms that the observed lightcurve shapes are consistent with a SN Ia at z = 0.409. These fits also indicate some reddening of the supernova, suggesting that iPTF16geu suffers from moderate extinction by dust.
This produces dimming at optical wavelengths of 20-40%, whith the largest losses in the gband observations. Thanks to the standard candle nature of SNe Ia, after correcting the peak magnitude for lightcurve properties (18, 19) , the flux of the SN was found to be ∼30 standard deviations brighter than expected for the measured redshift. This suggested that iPTF16geu was gravitationally lensed and we estimated the lensing amplification to be µ ∼ 52. Expressed in astronomical magnitudes, ∆m = −4.3 ± 0.2 mag, where the uncertainty is dominated by the brightness dispersion of normal SNe Ia. Since the magnification is derived from comparing the observed brightness of iPTF16geu to other SNe Ia (20) within a narrow redshift range around z = 0.409, the measurement of the lensing magnification is independent of any assumptions on cosmology, e.g., the value of the Hubble constant or other cosmological parameters. The lensing magnification is also independent of a lens model, which is the only way to determine the magnification for almost all other strong lensing systems.
The optical observations from Palomar, with a typical angular resolution (atmospheric seeing) of 2 , were insufficient to spatially resolve any multiple images that could result from the strong lensing nature of the system (Fig. 3A) . We therefore obtained K s -band (2.2 µm) observations from the European Southern Observatory (ESO) with the Nasmyth Adaptive Optics System Near-Infrared Imager and Spectrograph (NACO) at the Very Large Telescope (VLT).
An angular resolution of ∼0.3 (full-width half-max, FWHM) was obtained at the location of the target. Adaptive optics (AO) corrections of the seeing were performed using a natural bright star, ∼30 south-east of the SN location, indicated in Fig. 3 along with the SDSS pre-explosion image of the field (21).
The near-IR image from VLT indicated the structure expected in a strongly lensed system, with higher flux in the northeastern and southwestern regions of the system, compared to the center (Fig. 3B ). Multiple images of the system were first resolved with observations from the Keck observatory at near-infrared wavelengths, using the Laser Guide Star aided Adaptive Optics (LGSAO) with the OH-Suppressing Infra-Red Imaging Spectrograph (OSIRIS) instrument,
yielding an image quality of 0.07 FWHM in the H-band centered at 1.6 µm (Fig. 3C ).
LGSAO observations of iPTF16geu using the Near-InfraRed Camera 2 (NIRC2) at the Keck 
= 156±4
km s −1 , in good agreement with the measured value of the velocity dispersion (Fig. 1D) .
However, the adopted smooth isothermal ellipsoid lens model predicts brightness differences between the multiple SN images that are in disagreement with the observations. Including corrections for extinction in the resolved SN images in the F 814W filter, we find large discrepancies between the model and measured magnitude differences for the multiple images of iPTF16geu: ∆m follow the numbering scheme adopted in Fig. 4 . The observed discrepancy between the smooth model predictions for the SN images 1 and 2 compared to 3 and 4 (brighter by a factor 4 and 3, respectively), cannot be accounted for by time-delays between the images, as they are predicted to be < 35 hours (24) . Graininess of the stellar distribution and dark matter sub-halos in the lens galaxy, in addition to the smooth mass profile, can cause variations to magnification without altering image locations. These milli-and micro-lensing effects (27, 28) , small enough not to cause additional resolved image separations, offer a plausible explanation for the deviation from the smooth lens model.
Available forecasts for wide-field surveys (29) suggest that about one strongly lensed SN Ia could be expected in our survey, irrespectively of redshift and magnification, with approximately a 30% chance to be in a quad configuration. For an average ellipticity of the lenses e = 0.3 (29) , only about 1% of the lensed SNe are expected to have µ > ∼ 50 (30) . We have performed an independent rate estimate, with a somewhat simplified lensing simulation but including survey specific parameters, and confirm that the probability to detect and classify a highly magnified SN Ia like iPTF16geu does not exceed the few percent level (24) .
iPTF16geu appears to be a rather unlikely event, unless the actual rate of very magnified SNe is higher than anticipated, e.g., if the contribution from lensing by any kind of sub-structures in galaxies is underestimated, or if we are otherwise lacking an adequate description of gravitational lensing at the ∼ 1 kpc scale. The physical scale probed by the resolved images of iPTF16geu is comparable to the smallest of the 299 multiply-imaged lensed systems in the Master Lens Database (31) . Using the standard candle nature of SNe Ia we can more easily detect strongly lensed systems with sub-arcsecond angular separations, allowing exploration of the bending of light at scales < ∼ 1 kpc, an otherwise challengingly small distance in studies of gravitational lensing (32) . As demonstrated with iPTF16geu, discovered while still brightening with a modest size telescope and sub-optimal atmospheric conditions, the locations of these rare systems can be identified in advance of extensive follow-up imaging at high spatial resolution. All data used in this paper are made public, including the photometric data (tables S1, S2, S5)
and spectroscopic data at public repository WISeREP ( On 2016 Sep 11, our duty astronomer identified a transient candidate near the core of the galaxy SDSS J210415.89-062024.7 in one R-band-only one-day cadence field. This candidate was saved as iPTF16geu (a.k.a. SN2016geu) and put in the queue for spectroscopic classification. However, iPTF16geu was not observed spectroscopically until Oct 2, as described below, and both the redshift and the transient type were unknown until that point.
Meanwhile the field was observed with a daily cadence in the R-band, as listed in Table S1 .
Difference imaging photometry in R-band was obtained using the iPTF Discovery Engine at the Infrared Processing and Analysis Center (38, IDE), where references images are aligned and matched to have the same point spread function (PSF) to the images where the SN is active.
PSF photometry is then carried out and calibrated by matching the photometry of the field stars to the stellar catalog from the Sloan Digital Sky Survey (21, SDSS).
Complementary follow-up photometry, also listed in Table S1 , was obtained in the g r ibands with the Rainbow Camera (RC) on the Spectral Energy Distribution Machine (56, SEDM)
mounted on the Palomar 60-inch telescope (P60). For the redshift of iPTF16geu, z SN = 0.409, these filters provide an excellent match to the rest-frame U BV filters (Fig. S1 ) that have historically been used for studying SNe Ia. The RC data was pre-processed following standard photometry reduction techniques. The host subtraction was done by using the automatic referencesubtraction photometry pipeline FPipe (39). This is using a similar approach to IDE, but images from the Sloan Digital Sky Survey are used as reference images of the host galaxy since such data is not available from the RC. The photometric uncertainty is determined as the 
Spectroscopic follow-up
The first classification spectrum of iPTF16geu was obtained with the IFU on the SEDM on 2016
Oct 2. The combined spectrum ( Fig. 1) consists of the average of two exposures, obtained with an offset of 10 to allow subtraction of the skylines. The data were reduced using a custom IFU pipeline developed for the instrument . Flux calibration and correction of telluric bands were done using the standard star BD+28 4211, which was taken at a similar airmass. An aperture of 4 was used to extract the spaxels. The details of all spectroscopic observations are listed in Table S3 .
The classification and redshift of iPTF16geu from the low-resolution SEDM IFU spectrum The OSIRIS data were reduced using standard infrared self-calibration techniques. First, the 36 individual frames were scaled to a common median and combined into a super-sky frame using a 3-σ clipped mean algorithm, masking out a 2 ×2 box around the location of the target source in each frame. This super-sky was divided by its own median in order to produce a super-flat-field image that was then used to flat-field the individual science frames. The median unmasked value was then subtracted from each flat-fielded science frame in order to produce the flat-fielded, foreground-subtracted science frames. These frames were then shifted by the dither offsets (adjusted slightly by hand to ensure proper alignment) and combined using a 3-σ clipped mean algorithm. The final image is shown in Figures 3 and 4 .
The NIRC2 observations consist of 39 exposures of 80 s each in the K s -band, 9 exposures of 120 s each in the H-band and 5 exposures of 300 s each in the J-band. Unfortunately, for the J-band data, there was an instrument problem during the night and only two of the frames were used in the end. We used the same tip-tilt star as above to do the AO corrections. The observations were carried out using the NIRC2 narrow camera with a field of view of 100 ×100 and a pixel scale of 0.01 /pixel. We dithered each of the frames by 2 using a custom nine-point dithering pattern for better sky subtraction. To correct for flat-fielding and dark currents we acquired a set of ten dark frames and twenty dome flat frames. The dome flats were separated into two sets with the first half with the dome flat lamp off and second half with the lamp on.
The dome flat off frames were used to estimate the thermal radiation which is non-negligible for the K s -band. The dome flat on frames where then subtracted with the combined flat-off map, and the individual dark and flat frames where combined to generate master dark and dome flat frames, respectively. This produced a combined dark-subtracted and flat-fielded images in the J, H and K s bands. For each science exposure the sky background of each pixel were estimated by using the preceding and following images after bad pixels and the object it self had been masked. The reduction was carried out using custom python scripts. The images were then finally corrected for geometric distortion using IDL routines available on the NIRC2 webpage.
The NIRC2 J-band, Fig. 4D , provides the highest resolution image in our dataset of the system where the four SN images are visible. We used this image to determine the SN positions by fitting a model to the system. The lensing galaxy was modeled using a Sérsic profile (43) while
Gaussians were used for the the SN images. The fitted SN positions are shown in Table S4 .
Observations with the Wide-Field Camera 3 aboard the Hubble Space Telescope
The Table S4 , while allowing for a shift and a rotation of the the whole model. For the F 625W band, which covers a similar wavelength range as the R-band, we found that 90 % of the total flux is contained in images 1-2 and 70 % of the total flux is contained in image 1 alone.
The relative brightnesses for the SN images with respect to the brightest image 1, the relative reddening, and the extinction these correspond to assuming the extinction law from (23) are shown in Table S5 .
Fitting to a SN Ia lightcurve template
The lightcurves from the P48 and P60 photometry are presented in Figs. 2, and S2. Since SNe Ia are a homogenous class of objects, templates or lightcurve models can typically be fitted to the data. The free parameters are the time, t 0 , and brightness, m B , of maximum in the rest-frame B-band, the lightcurve width and the color of the SN.
The lightcurve width can be quantified by introducing a stretch factor, s, that scales the time variable of the template with respect to t 0 . It has been shown that same behavior is also captured by the second principal component of the SALT2 lightcurve model (17) . In short, the SALT2 model is constructed from a principal component analysis of a large data set of normal SNe Ia.
The eigenvalue for the first component is directly related to the peak brightness, m B , while the eigenvalue for the second component, x 1 , is normalized so that a SN with x 1 = 0 correspond to an average normal SN Ia. Further, objects with x 1 = ±1 have lightcurve widths that correspond to ±1σ of normal SNe Ia lightcurve width distribution.
The color is typically defined in terms of the rest-frame B − V magnitude. This is then used to scale a color, or extinction, law that describes how the flux ratios vary with wavelength. For a standard extinction law, the color excess, E(B − V ), is used to scale the law, where
is the B − V magnitude deviation from what would have been measured in the absence of extinction. SALT2 uses an empirically derived color law where the scaling parameter, C, is the deviation from the average B − V rest-frame color.
We fitted both a lightcurve template and the SALT2 model to the P48 and P60 photometry.
In Fig. 2 we show the best fitted SALT2 model. SALT2 was also used for the SN Ia cosmology sample presented in (20) . Using the same model allows us to estimate the magnification independently of the value of the Hubble constant, H 0 , or any other cosmological parame-
ter. The SALT2 model has four free parameters, for which we obtain, t 0 = 57654.1 ± 0.2, We also tried to fit the spectral series of SN 2011fe, which is a normal and well observed SN Ia, to the data. In Fig. S2 we show both the SALT2 lightcurve model and the best SN 2011fe fit using the spectral series for the latter compiled by (44) . The data are perfectly consistent with both models but SN 2011fe provides a better fit in the rest-frame U -band. However, since the SALT2 fit allows us to directly compare the brightness of iPTF16geu to other SNe Ia at the same redshift in a cosmology independent manner we decided to use this for the main analysis.
iPTF16geu has the same lightcurve shape as SN2011fe, but a reddening of E(B − V ) = 0.31 ± 0.05 mag is required, assuming the extinction law from (23) .
Both the SALT2 model and SN 2011fe fits show that the iPTF16geu is consistent with a normal and average SNe Ia, but the derived values of C and E(B − V ) suggest that that the SN is reddened by interstellar extinction. This reddening is taken into account for the estimated lensing magnification and uncertainty above. However, given that most of the measured light, ∼ 70 %, is contained in SN image 1, the measured C is dominated by the color of this image.
Since we have also measured differential reddening of images 2-4 with respect to SN image 1, the magnification of the system could in fact be higher. If the measured differential extinction from Table S5 is taken into account we find that the total magnification of the system lie in the range −4.1 mag to −4.8 mag.
Modelling of the gravitational lens
Our default lens model is an isothermal ellipsoid galaxy (25, 26) for which the convergence is given by
where b is a convergence normalization parameter and
Here, x 0 and y 0 correspond to the position of the lens centre and (1 + )/(1 − ) is the majorto-minor axis ratio. The magnification is given by (26) µ(
i.e., the isodensity contour κ = 1/2 correspond to the critical line in the lens plane. In the forthcoming, positions in the lens plane are given in angular units. In terms of , the ellipticity, e , of the galaxy is given by
The projected mass M inside an isodensity contour of constant ω is given by (26) Following (30), we calculate the velocity dispersion by averaging over all possible inclination angles and intrinsic axis ratios that can give rise to the observed projected surface density. The resulting relation between b and the velocity dispersion, σ v , is given by
where the functional form of λ depends on the probability for the three dimensional mass distribution of the lens to be oblate or prolate. Assuming total ignorance of this probability, we can read off the value of λ for = 0.16 from figure 1 in (30) to be λ = 1 ± 0.05. Numerically, we have
where λ √ 1 − = 0.92 ± 0.04.
We calculate the expected flux ratios, r, and their associated uncertainties by taking a weighted average of the flux ratios over a grid of parameter values, here denoted by index
where the weight is given by the likelihood of the parameter values given the observed image positions,
Suppressing the bar as an indicator for average values, the magnitude differences ∆m ij = −2.5 ln f i /f j between images i and j are: In conclusion, image 4 is expected to be the brightest, while it is in fact observed to be the faintest.
The predicted time delay, calculated as weighted averages analogously to the flux ratios, between the SN images is small, ranging from 1.9 ± 1.2 hours to 15.7 ± 6.3 hours. Thus, the maximal time-delay between any two images is 35 hours at the 99.9% confidence level with the adopted model.
While the model estimates of the magnitude differences among the SN images have small uncertainties, the total magnification is poorly constrained. Since there is a tail of very high magnification output compatible with the observed image positions, the resulting weighted mean total magnification is very sensitive to details of the grid of parameter values and possible cuts of low probability parameter values. Only when disregarding all parameter values not being within 2σ of the best fit parameters can the total magnification be constrained at all, µ tot = 43 ± 29, consistent with the observed magnification µ ∼ 52.
Motivated by the discrepancy between the image magnitude differences observed and the ones predicted by the smooth lensing model, we consider the possibility of sub-structures as possible added contributors to the lensing of one or more SN images.
Such sub-structures can include galactic subhalos (52) , and compact objects in the form of stars or possible compact dark matter objects. The magnification of SNe from stars is studied in (53) , where it is found that ∼ 70 % of multiple lensed SNe will experience additional magnification from the lens galaxy star population of > 0.5 mag. The case of lensed quasars is studied in, e.g (54) .
A population of compact objects will create a network of caustics that can give rise to large magifications if the source size is sufficiently small. If there is a relative motion between the source, observer and the lensing compact object, or if the source size is changing, the magnification can vary. The time scale of the variations will typically correspond to the Einstein radius crossing time (see below), but can also be shorter in the case of caustic crossing events (55) .
A full treatment of the gravitational lensing effects of sub-structures is beyond the scope of this paper, but in order to show the typical scales involved, we briefly study the lensing effect of a single compact object.
In the isolated point mass lens approximation, the relevant source plane length scale is given by (48)
where R S is the Schwarzschild radius of the lens. To act efficiently as a lens, η 0 should be larger than the physical size, R, of the Type Ia SNe photosphere, typically
which is derived from the the measured expansion velocities of the photosphere of SN2011fe (22, 49) .
A single lens point mass should have M > ∼ 0.12M to be effective also one month after maximum. For a lens with velocity 156 km s −1 , this corresponds to time scales greater than 9
years. We can thus neglect any time dependence induced to the lightcurve from the motion of isolated point masses with M > ∼ 0.12M . To compare this outcome with the estimate of the expected probability we use the raytracing SNOC Monte-Carlo package (50) . SNOC was used in (11) to assess the expected rate of strongly lensed SNe in planned satellite missions. We run a total of where ρ 0 and R s parameters of the model and vary between halos. Since we only consider spherical profiles, our simulations will not produce four, but only two images. Furthermore, these simulations do not include the contribution from microlensing by a stellar population in the line of sight.
Predicted rate of highly magnified SNe Ia in iPTF
However, in addition to the smooth spherical functions, we tested adding contributions from point-like lenses (POI) to the mass density. In all cases, the contributions to the mass density is self-consistently normalised to give the cosmological average mass density of the universe found by the Planck collaboration for a ΛCDM universe, Ω M = 0.308 (45) . The resulting distribution of the expected gravitational lensing amplification for the iPTF survey, µ, can be seen in Fig. S3 . For the simulations with smooth distributions, e.g., NFW, no event like iPTF16geu came out of the simulations, corresponding to a probability less than 10 −3 . Adding substructures in the from of compact objects increases the chances of intersecting a lens, yet the high magnification found for iPTF16geu is rare. For a 90% contribution of compact objects to the cosmic mass density, Ω M , we find a 5% chance of discovering a SN Ia with comparable lensing magnification within the limited redshift range probed. In conclusion, the lensing characteristics of iPTF16geu are rather unlikely, even considering the possibility of having a high density of discrete compact sources. J 600 Table S2 : Photometry of individual exposures of iPTF16geu from the P48 and P60/RC observations listed in Table S1 . The photometry is given in flux, f , which can be converted to magnitudes, m, in the AB system as m = −2.5 log 10 (f ) + ZP , with ZP = 25. Table S5 : Relative photometry with respect to the first SN image. Here, E(F 625W − F 814W ), is the relative color color excess with respect to SN image 1. All quoted uncertainties are statistical errors. In the last two columns, the relative extinction are given using the measured E(F 625W − F 814W ) together with the extinction law from (23 Figure S1 : Comparison between the observer frame P60 RC filters and the rest-frame standard filters U BV , which historically have been used for studying SNe Ia.. The relative transmissions of the observer frame P60 g r i filters are shown in red for the wavelengths indicated by the bottom horizontal axis, while the corresponding rest-frame wavelengths and U BV filter transmissions are plotted in blue. It is clear from the figure that the observer frame RC g r i filters provide a close match to the rest-frame U BV for the redshift z SN = 0.409. 
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